Background-Prosthesis-patient mismatch (P-PtM) after aortic valve replacement results in disturbed valve performance associated with increased pressure gradients. However, it is unknown whether this can be related to future structural valve deterioration (SVD) of the bioprosthesis. Methods and Results-In 564 patients (mean age, 74Ϯ5 years) receiving an aortic valve bioprosthesis, clinical follow-up (median, 6.1 years; maximum, 16.4 years) was analyzed including echocardiography. SVD was diagnosed in 40 patients (7%) as substantially increased stenosis (nϭ24) or regurgitation (nϭ16) of the operated valve over time. When patients with P-PtM (effective orifice area index Ͻ0.85 cm 2 /m 2 ; nϭ285) developed SVD, it was preferentially of the stenosis type, whereas when patients without P-PtM (nϭ279) developed SVD, the majority was of the incompetence type (PϽ0.05). Multivariable analysis including patient-and valve-related variables revealed that P-PtM and label size Յ21 were independent predictors of SVD (Pϭ0.04 and Pϭ0.02, respectively). A nonparametric Turnbull estimate analysis showed that SVD is virtually nonexistent for up to 9 years in patients without P-PtM. Thereafter, SVD starts to occur and is mainly of the incompetence-type SVD (79% of cases). In patients with P-PtM, SVD starts to occur after 2 to 3 years after implantation and is mainly of the stenosis-type SVD (81% of cases). Conclusions-These data suggest that stenosis-type SVD is an early, P-PtM-related, and thus preventable phenomenon.
A s introduced by Rahimtoola, 1 prosthesis-patient mismatch (P-PtM) is present when the effective orifice area (EOA) of the inserted prosthetic valve is too small in relation to body size. As shown by Pibarot and Dumesnil, 2 P-PtM is common (20% to 70% of aortic valve replacements) and may be associated with less regression of left ventricular hypertrophy, more cardiac events, and lower survival. The effect of P-PtM on clinical outcome after aortic valve replacement is not accepted universally because several reports fail to show P-PtM as a risk factor for postoperative mortality and morbidity. [3] [4] [5] [6] [7] [8] [9] [10] Nevertheless, the concept of P-PtM implies as the main hemodynamic consequence the generation of higher than expected gradients through normally functioning prosthetic valves. 1 Such a disturbance of hemodynamic flow patterns may have an influence on the structural integrity of the prosthetic valve tissue over time. We know from experimental work 11 that the origin of calcification of bioprosthetic valves is multifactorial. Besides the design-related stress distribution on the device, the age of the recipient, the type of agent used to cross-link the tissue, the anticalcification treatment used during the preparation of the device, and the kind of tissue itself have been shown to determine the calcification potential of bioprosthetic valves.
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However, not all bioprostheses showing structural valve degeneration (SVD) suffer from stenosis and calcification. Some valves show only rupture of the cusps, whereas others show the combination of leaflet calcification and rupture. Cusp ruptures were often associated with fatigue of the material, which was glutaraldehyde-fixed porcine aortic tissue or bovine pericardium. On the other hand, tears in the leaflets were also associated with microscopic or macroscopic calcification of the tissue. 12 Therefore, follow-up echocardiographic data, including pressure gradients across the valve, descriptive measures of leaflet calcification, and semiquantitative indications of regurgitation, become mandatory to identify the "mode" of valve failure, such as leaflet calcification and degeneration leading to valve stenosis or leaflet rupture leading to regurgitation. It is the objective of this study to classify bioprosthetic valve failure in this respect and to elucidate a potential relationship between the mode of valve failure and P-PtM. Our hypothesis is that P-PtM, producing disturbed hemodynamic flow patterns across the bioprosthesis, can promote leaflet calcification and valve stenosis over time.
Methods

Patient Population
A group of 564 consecutive patients underwent single aortic valve replacement with the use of a bioprosthesis. Exclusion criteria were double valve replacement, failed prosthesis replacement, Bentall operation, and acute endocarditis. Inclusion criteria for this cohort were age Ͼ70 years and the personal choice of the patient for a tissue valve. Patient characteristics are listed in Table 1 .
Surgical Technique
Aortic valve replacement was performed with the use of standard techniques. Forty-seven percent of patients received concomitant coronary artery bypass grafting. Two prosthesis types were used: stented bovine pericardial or porcine bioprosthesis (nϭ365) or stentless xenograft bioprosthesis (nϭ199). Specific valve models and their manufacturers are listed in Table 2 . Median label size was 23 (range, 19 to 29); for stentless valves, this value was 25 (range, 19 to 29), and for stented valves, it was 23 (range, 19 to 29). All stentless valves were implanted in a subcoronary fashion.
Prosthesis-Patient Mismatch
P-PtM was calculated with the use of patient's body surface area and the normal reference values of the EOA of the implanted prosthetic valves according to Pibarot and Dumesnil. 2 For the values of the Sorin Pericarbon valve, because they are not included in the list of Pibarot and Dumesnil, we used the data presented by Seguin et al. 13 P-PtM was defined as an EOA index Ͻ0.85 cm 2 /m 2 .
Follow-Up and SVD
Clinical and echocardiographic follow-up was performed shortly before hospital discharge and periodically by the referring cardiologist. Survival, reoperation, cerebrovascular accidents, bleeding complications, anticoagulation therapy, New York Heart Association class, and cardiac rhythm were recorded. Follow-up was 97.3% complete. Median follow-up period was 6.1 years, with a maximum of 16.4 years. Implant and follow-up periods for the different valve models are given in Table 2 . A total of 3583 patient-years of data were available for analysis. Echocardiography was performed in 95.5% of the hospital survivors. In 58% of the patients, the last echocardiography was recorded within the last year of follow-up, and in 78%, the last echocardiography was recorded within the last 3 years. The diagnosis of SVD was based on echocardiographic findings. Two types of SVD were diagnosed. A stenosis-type SVD was diagnosed when echocardiographic follow-up showed calcification of the leaflets. When the leaflets became thickened and less pliable, but the pressure gradient across the valve increased above the value at baseline to values Ͼ55 mm Hg, the valve was also diagnosed as stenotic. Baseline was defined as the first echocardiogram obtained during the first postoperative year. When these criteria were met but some degree of regurgitation was also found, the valve remained classified as stenosis-type SVD. The incompetence-type SVD was diagnosed when the valve showed no leaflet abnormalities on the echocardiogram, but transprosthetic regurgitation worsened. Worsening was defined as an increase of at least 1 degree of severity of regurgitation during follow-up compared with the value at baseline. Transprosthetic regurgitation was graded semiquantitatively by color Doppler echocardiography according to the following scale: 0, none; 1, trivial; 2, mild; 3, moderate; and 4, severe. Only transvalvular regurgitation was taken into account. Perivalvular regurgitation was scored but was considered nonstructural valve dysfunction. 
Statistical Analysis
For the formulation of valve-related complications, standard guidelines and definitions of terms were used according to recently published recommendations. 14 The Fisher exact test was used to analyze categorical data. The standard t test was used to analyze transvalvular gradients. Early survival (3-month mortality) was analyzed by logistic regression. Overall survival was analyzed by standard single-predictor and multivariable (PϽ0.1 threshold to enter the model) Cox proportional hazards models. SVD was analyzed with an interval-censored technique, with the time interval between the last echocardiographic follow-up demonstrating normal valve function and the first echocardiographic follow-up demonstrating SVD. For SVD, we used single-predictor and multivariable (PϽ0.1 threshold to enter the model) Cox proportional hazards models, using the poor man's data augmentation multiple imputation method for interval-censored data as described by Pan. 15 A total of 20 imputations per model have been used. In addition, the nonparametric Turnbull estimate was used to create a graphic representation of the time to SVD depending on P-PtM status. PϽ0.05 was considered statistically significant for the study.
Results
Survival
Hospital mortality was 5%. Overall survival at 10 years was 47.9Ϯ3.0%, and freedom from cardiac death was 77.3Ϯ3.2% at 10 years. Including hospital mortality, a total of 233 deaths were recorded, of which 71 were definitely cardiac related. Single-predictor analysis of possible predictors of mortality revealed age (Pϭ0.002) for early mortality and age (Pϭ0.0004), coronary artery bypass graft surgery (Pϭ0.03), and valve size Յ21 (Pϭ0.01) as significant factors for late survival (Table 3 ). Multivariable analysis revealed only age as significant for early (Pϭ0.01) as well as for late mortality (Pϭ0.0004).
Clinical Outcome
At 10 years, freedom from hospital readmission for cardiac reasons was 56.8Ϯ3.1% at 10 years, freedom from thromboembolic events and/or major anticoagulation-related bleeding was 93.5Ϯ1.5%, and freedom from reoperation was 96.2Ϯ1.4%. Fourteen patients (2%) developed acute bacterial endocarditis during the follow-up course. These patients were not considered to have SVD and were censored at the time of onset of endocarditis. 
Prosthesis-Patient Mismatch
Structural Valve Degeneration
The diagnosis of SVD was made in 40 patients (7%). A flow chart representing the distribution of the 2 types of SVD in relation to P-PtM is presented in Figure 1 . Twenty-four patients had a "stenotic" valve, 15 were calcified on echocardiography, and 9 showed degenerated and thickened leaflets. Four were explanted and showed massive calcification on gross macroscopic examination. Ten patients had concomitant regurgitation. Sixteen had no stenosis but a purely "incompetent" valve. On the basis of these echocardiographic criteria, freedom from SVD was significantly lower than that of reoperation at 10 years: 86.2Ϯ2.9% versus 96.2Ϯ1.4%. Changes in hemodynamics over time, in terms of peak pressure gradients across the valves, are shown in Figure 2 for 3 groups of patients: those not experiencing SVD, those Figure 2 ). Single-predictor analysis of possible predictors of SVD (Table 3) showed that the patient-related factors gender and body surface area and the valve-related factors anticalcification treatment, valve size Յ21, EOA index, and P-PtM were significant. Multivariable analysis revealed that anticalcification treatment, valve size Յ21, and P-PtM were independent predictors of SVD (Table 4) .
Furthermore, when patients with P-PtM developed SVD, it was predominantly the stenosis type (21/26 patients; 81%), whereas when patients without P-PtM developed SVD, it was mainly the incompetence type (11/14; 79%; PϽ0.001; Figure 1 ). Freedom from SVD in relation to time after surgery in patients with or without P-PtM is presented in Figure 3 . In patients with P-PtM, SVD occurs much earlier than in patients without P-PtM. Patients without P-PtM remain virtually free from SVD during the first 9 years postoperatively, and when it occurs rather rapidly thereafter, it is mainly (79% of cases) of the incompetence type. In patients with P-PtM, the incidence of SVD starts early (Ϸ2 to 3 years) after implantation, its occurrence rate is rather slow, and the majority (81% of cases) are of the stenosis-type SVD.
Discussion
SVD and Mode of Valve Failure
In general, SVD related to bioprostheses is considered 1 entity because it refers to changes intrinsic to the valve, but it covers a wide range of valve abnormalities such as calcification, leaflet tear, stent creep, and suture line disruption of components of the bioprosthesis. 14 Most studies analyzing factors influencing SVD do not take the mode of failure of the valve into account and conclude that SVD as such is promoted by the age at implantation (younger age), site of implantation (mitral position), gender (male), and valve type (porcine). 16 -18 Cardiovascular risk factors were not universally found to be predictive of SVD. 19 -21 In a recent study, including a data set of 3934 patients, it was shown that the lifetime risk of reoperation because of SVD is 22% for a 60-year-old man in whom a bioprosthesis is implanted. 22 As stated previously, all of these studies refer to SVD as 1 entity and have reoperation for SVD as the end point. By doing so, the problem of SVD is underestimated and not properly characterized. In a study population of primarily older patients, we also found a low reoperation rate at 10 years (4%), which was comparable to the rate found by others. 18, [23] [24] [25] [26] The discrepancy between the reoperation rate and the incidence of SVD as diagnosed echocardiographically indicates that not all patients with SVD undergo reoperation within the time frame of the 15-year follow-up. Furthermore, it shows that data collection on the mode of failure of SVD is poor in most studies. Nevertheless, some pathology studies refer to it and distinguish between valve calcification and cusp rupture. Calcification intrinsic to the cusps is the major pathological process necessitating bioprosthetic valve reoperation. 12 This is mainly so for stented bovine pericardial and porcine aortic valves. [27] [28] [29] [30] In our study, the diagnosis of SVD was based on echocardiographic findings allowing imaging of structural changes in the valve leaflets over time. However, only gross calcifications can be seen in the leaflets with this technique, and leaflet thickening is never recorded quantitatively. Nevertheless, the combination of substantially increasing pressure gradients associated with such descriptive measures allows the diagnosis of stenosis of the prosthesis. In our study, the majority of stenosed prostheses were calcified, and all of the valves explanted for stenosis were calcified. On the other hand, for stentless porcine aortic valves, the mode of failure leading to reoperation is predominantly cusp rupture. 23, 31 Cusp ruptures, inducing relatively sudden but significant valve regurgitation, can be seen as "fatigue damage" due to buckling and tension of the glutaraldehyde cross-linked collagen of the leaflets. 32 Our finding that all valve models are prone to this kind of wear after Ϸ10 years of implantation, irrespective of the valve model, valve size, or presence of P-PtM, is not surprising because all of these different valve types, although carefully designed, are glutaraldehyde crosslinked. When these valves finally will wear and rupture in ex vivo accelerated fatigue cycling tests, why should they not do this after 30 to 40 million cycles in vivo?
However, it is remarkable in our study that the stenosis mode of failure is also not related to any kind of valve design, whether stented or stentless, pericardial or bovine; 5 of the 6 valve types studied are represented in the stenosis-as well as in the incompetence-type SVD group. Because it is obvious that only patients prone to P-PtM develop stenosis-type SVD over time, there must be a link between disturbed hemodynamics and this kind of pathology. It is known that the predominant mechanism of calcification in bioprostheses is cell mediated, being nucleated at the membranes and in organelles of the transplanted cells. 12 On the other hand, predilection of certain sites of bioprosthetic valve leaflets to calcification has provoked suggestions that design factors and mechanical stresses may be major reasons leading to degeneration. 33 Because bioprostheses are intrinsically obstructive, especially in small sizes, a relative P-PtM will induce disturbances in valve performance, abnormal flow profiles, and changes in stress distribution. Besides mechanical stress, flow turbulences within the transprosthetic flow jet and downstream of the prosthesis may also predispose to SVD by enhancing degenerative and/or atherosclerotic-like processes at the surface of the cusps. 20,21,34 -36 Another potential mechanism to explain the findings of the present study is the smaller "EOA reserve" of patients with P-PtM. Patients with P-PtM, by definition, have smaller indexed EOA at the outset of operation, and they will thus develop critical stenosis more rapidly than patients with no P-PtM. For example, a 30% reduction in EOA due to SVD will result in a much higher increase in gradient in a patient with P-PtM than in one without P-PtM because the patient is on the steep portion of the gradient EOA curve. Although this does not explain the process of valve calcification, it can help to explain that a significant portion of stenotic-type SVD patients show only thickened leaflets without visible calcifications that are associated with high transvalvular gradients. However, the fundamental mechanism of the phenomenon of prosthetic valve calcification must be elucidated. 37
Limitations of the Study
After hospital discharge, postoperative echocardiography was performed by the referring cardiologists. This may have influenced the quality of postoperative evaluation because echocardiographic assessment is observer dependent. However, this observer-dependent variation will be small because only the in-hospital discharge echocardiogram can be done by a cardiologist other than the one doing the follow-up. The number of patients developing SVD is relatively small in our series, which can limit the statistical power of the study. This may be related to the older age of the population studied because it is possible that the impact of P-PtM on SVD becomes even more pronounced in a younger population. To separate the effect of P-PtM in different age strata, further studies will be needed.
Clinical Implications
These findings have definite clinical implications because, as demonstrated by several studies, P-PtM can be predicted at the time of operation, and, on the basis of this information, the surgical technique and/or the selection of the prosthesis can be modified to prevent P-PtM or reduce its severity. 38 -43 By avoiding P-PtM, the incidence of SVD should be reduced by Ն50%, which, in turn, can influence the choice for a bioprosthetic valve instead of a mechanical one. 20 Furthermore, because intrinsically stentless bioprostheses are less prone to P-PtM, this type of bioprosthesis should be preferred over stented valves.
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CLINICAL PERSPECTIVE
Prosthesis-patient mismatch can be predicted at the time of operation. On the basis of this information, the surgical technique and/or the selection of the prosthesis can be modified to prevent prosthesis-patient mismatch or reduce its severity. By avoiding prosthesis-patient mismatch, the incidence of structural valve deterioration should be reduced by Ն50%, which in turn can influence the choice for a bioprosthetic valve instead of a mechanical one. Furthermore, because intrinsically stentless bioprostheses are less prone to prosthesis-patient mismatch, this type of bioprosthesis should then be preferred over stented valves.
